Abstract -Evaluation of H 2 / air fuel cell having an anion exchange membrane with the Cole-Cole plot method has been studied. H 2 was supplied to the anode at a constant flow rate and air was supplied to the cathode. The Cole-Cole plots have been measured while changing the air flow rate of the cathode. The obtained Cole-Cole plots have been evaluated by using the equivalent circuit of the fuel cell to get values of the membrane resistance and the reactive resistance. The experimental results show that the membrane value was slightly increased with increasing the air flow rate. On the other hand, the reactive resistance value decreased from 434 mΩ/cm 2 to 181 mΩ/cm 2 . And the maximum power density was increased with decreasing the reactive resistance. They reveal that more influence on the performance of AEMFC is due to the reactive resistance. Decreasing the reactive resistance would improve the performance.
Introduction
Polymer Electrolyte Fuel Cells (PEFCs) are expected to be one of the next-generation power sources. But one of the major obstacles to wide application of this technology is to require a high loading of precious metal catalysts. In recent years, an anion exchange membrane (AEM) is developed. AEM type fuel cell (AEMFC) can be solved this problem because it has some advantages as compared with cation exchange membrane (CEM) type fuel cell so-called proton exchange membrane fuel cell (PEMFC), although the structure of membrane electrode assemblies (MEAs) is similar to PEMFCs. In an AEMFC, OH ions are conducted through AEM during current flow, which results in some advantages. First, AEMFC is not necessarily to use precious metals as anode and cathode catalysts because a chemical reaction is occurred in an alkaline atmosphere. This enables to select a wide range of catalysts such as Ag, Ni. And this is expected that the cost of catalysts can be extremely reduced. Second, it is possible to suppress the fuel crossover, because the conducting pathway of OH -ions from the cathode to the anode through the membrane is opposite to the direction of the electro osmotic drag. Third, AEMFC can also use polyhydric alcohols as fuel such as ethylene glycol, glycerol, other than methanol [1] . In addition, it has been reported that the performance of direct ethanol fuel cell compares with the performance of direct methanol fuel cell [2] . However, to our knowledge the studies on the evaluation of impedance of AEMFC are hardly done, although they are important to improve the performance because internal resistances exert an influence on the performance of AEMFC.
A purpose of this study is to clarify impedance of H2/air fuel cell having an AEM with Cole-Cole plot method and find a guide to improve the cell performance.
Experimental

Fabrication of MEA
The MEA with an active area of 5cm 2 was consisted of two single sided electrodes and an anion exchange membrane (Tokuyama Co., A201 thickness: 28μm). Carbon-supported PtRu catalysts (Tanaka Kikinzoku Co.Ltd., TEC61E54) for the anode and Carbon-supported Pt catalysts (Tanaka Kikinzoku Co.Ltd., TEC10E50E) for the cathode were used. The each catalysts were mixed with ion-exchange water and ionomer solution (Tokuyama Co., AS-4), and then sonicated and stirred to obtain homogeneous inks. The inks were applied directly on the electrolyte membrane with a screen-printing method. Subsequently, the MEA was hot-pressed at 100kg cm -2 for 90s at 100 o C to try to expand three phase boundary. AEM and anion ionomer are said to have lower thermal stability than Nafion, so the hot-press temperature was set lower.
Single-cell setup
The fabricated MEA was sandwiched between carbon papers, graphite blocks, and copper plates. For a gas diffusion layers (GDL), carbon paper (Toray, TGP-H-060) was used. The MEA and carbon papers were physically assembled without hot-press. On one side each the graphite block a single serpentine flow cannel was grooved. The channel is 1.5 mm wide and 1.0 mm deep. For current collector plates, the copper plates that were gilded to enhance electrical conduction were used.
Cole-Cole plot method
A Cole-Cole plot method that is also said to be an electrochemical impedance spectroscopy (EIS) is the best one to figure out internal states about fuel cells. On this method a tiny alternating current (AC) is loaded to electrodes of a fuel cell and a complex impedance is obtained with changing from high frequency to low frequency of AC. Then the Cole-Cole plot can be drawn by plotting the trajectory of the complex impedance on each frequency. The obtained Cole-Cole plot is evaluated by using the equation on the equivalent circuit of the fuel cell to get values of the membrane resistance and the reactive resistance. The simplest equivalent circuit as shown in Fig. 1 is composed of the membrane resistance (R m ) in series and the reactive resistance (R ct ) and electrical double layer capacitor (C dl ) in parallel. Although R m is the sum of electrical resistances of electrodes, separator, catalysts and ion exchange membrane, the electrical conductivity of an ion exchange membrane has great effect on the R m. The surfaces of an electrode and an electrolyte behave capacitively because an electrical double layer is formed and the capacitance is said to be an electrical double layer capacitor. R ct is caused from energy loss due to activate the reaction of oxygen receives electrons and a hydrogen emits electrons. And it represents the difficulty of the electrode reaction. The impedance Z of the equivalent circuit is represented as follows.
Then this equation is divided into real and imaginary parts resulting in the following expressions.
But in an actual fuel cell the constants of an anode side and cathode side are quite different [3] . Therefore, we evaluated the observed value with the equivalent circuit as shown in Fig. 2 , in which impedances of the anode and cathode are separated. 
Experimental condition and method
The fuel cell was operated at room temperature. Humidified hydrogen (100 %RH) was supplied to the anode at a constant flow rate of 350 standard cubic centimeters per minute (sccm) and humidified air (100%RH) was supplied to the cathode at a flow rate of 250 sccm to 950 sccm by 100 sccm. (We only measured the Cole-Cole plot at air flow rate of 700 sccm when the hydrogen and air flow rate ratio is 1: 2.) Hydrogen and air were humidified at 22 o C. On these conditions we measured the I-V characteristics to calculate maximum power density and a Cole-Cole plot at AC 60 mA/cm 2 while changing the flow rate of the cathode. The obtained Cole-Cole plot was evaluated by using the equivalent circuit of the fuel cell as shown in Fig. 2 to obtain values of the membrane resistance and the reactive resistance. We show the relationship between the maximum power density and each resistance. These measurements were done with the electronic load device (Kikusui, SPEC40026S), which is capable of controlling the electrical load on the fuel cell as well as measuring the cell voltage and the Cole-Cole plot. The anode and cathode gas flow rate were controlled with a gas flow meter (Stec Inc., SEC-400MK3), respectively. Fig. 3 shows the schematic the experimental system.
Result and discussion
Figs. 4-12 show observed Cole-Cole plots and calculated values using Eq. (6) in each air flow rate. In Figs. 4-12, there are some difference between the observed values and the calculated curve. This means that the real equivalent circuit is more complicated than shown in Fig. 2 .
There is a method to bring the calculated curve into the observed values by changing C dl as a constant phase element (CPE). However, an electrical double layer capacitor hardly exerts each resistance values and the evaluation method becomes more complicated. So in this research we did not use a CPE. Fig. 13 . shows the relationship between each resistance value and maximum power density at air flow rates. The membrane resistance value increased about 2 mΩ with increasing the air flow rate. This would be caused by water that was produced in the fuel cell. The thickness of the electrolyte membrane would be slightly dilated. As a result, it seems that the membrane resistance value was slightly increased. The reactive resistance value is remarkably changed than the membrane resistance value is. The reactive resistance value is decreased with increasing the air flow rate. The possible reason is that at the low air flow rate, the air as an oxidant would be short for electrochemical reaction and inside of the fuel cell would not be enough humidified. Thus, the ion conductivity would be low and the reactive resistance would be high. On the other hand, at the high air flow rate, the electrochemical reaction would occur more easily because air is supplied fully. And inside of the fuel cell would be humidified sufficiently. These results suggest that decreasing the reactive resistance depends on an air flow rate. The maximum power density is observed at around 750 sccm, on the other hand the reactive resistance decreases continuously. This suggests that the Cole-Cole plot would be measured before fully discharging water . From these results it is found that the reactive resistance as a part of internal resistance has a great effect on the performance of the AEMFC. Therefore, reducing a reactive resistance would be important to improve a cell performance. The methods for the improvement would be suggested as follows: preparing a MEA with hot-press to expand the triple phase boundary, increasing the surface area of a catalyst a unit area, high temperature operation to accelerate a reaction
Conclusion
A H 2 / air fuel cell having an anion exchange membrane was evaluated with the Cole-Cole plot method. The results show that the membrane resistance slightly increases with an air flow rate. On the other hand, the reactive resistance considerably decreases. And the maximum power density increases with decreasing the reactive resistance from 250 sccm to 750 sccm. It indicates that the reactive resistance has effect on the cell performance than the membrane resistance. It may suggest that decreasing the reactive resistance may be an effective method to improve the cell performance.
We can expect more decreasing reactive resistance value in a future by optimizing the operational conditions of the fuel cell or the improvement of the fabrication of the MEA.
